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Comprehensive Evaluation of Tunable Visible Laser Sources

U.S. Army Contract Number DAABO7-88-C-P0O33

FINAL REPORT
February 17, 1989

Abst t

We have conducted an evaluation of tunable visible laser sources
in the spectral region 0.5-0.6 microns. These included doubled
Ti:Sapphire, Ti:YALO, organic dye lasers, and optical parametric
oscillators. We conclude that the Ti:Sapphire approach is ineffi-
cient in this spectral region, vhile Ti:YALO cannot be properly
evaluated at this time due to a paucity of data. An evaluation of
the state-of-the-art in optical parametric oscillators shows that
this approach offers the best long-term potential for producing
an efficient, compact, all solid-state laser in the visible
region. In the near-term, however, the further development of
organic dye lasers is varranted given that significant Aimprove-
ments in performance can be obtained by the use of optical phase
conjugation and design optimization.




Comprehensive Evaluation of Tunable Visible lLaser Sources

I. Introduction

This feasibility study vas concerned wvith tunable visible laser
sources, and, in particular, tunable lasers operating in the 0.5-
0.6 um region. In an attempt to provide wavelength diversity, the
Army has, in the past fev years, supported the development of
vibrationally Raman shifted, frequency doubled Nd:YAG lasers that
provide only limited tunability within the Raman linewvidth, and
organic dye lasers pumped with the same socurce. . Since the Raman
shifted laser is not videly tunable, it has been excluded from
consideration in this study. The Raman approach also has serious
implementation problems involving the danger of a high pressure
cell and the sometimes flammable or explosive nature of the
chosen gas medium. Nevertheless, the Rawan approach has yielded
acceptable conversion efficiency and is included as a benchmark
in the first-order comparison discussed belov. The tunable
organic dye laser has also yielded a large conversion efficiency
and is not difficult to implement, although certain solute/
golvent combinations are quite toxic and also <flammable. In
addition, due ¢to the limited dye lifetime, the organic dye
approach requires the use of a circulating flov system as well as
a dye reservoir. Organic dye systems display a gradual decrease
in conversion efficiency with time that is attributed to photo-
chemical reactions resulting in the introduction of unvanted dye
species into the flov system. This problem may, hovever, be
ameljiorated by the use of filters and/or a dye "bleeder” system.

In this study, ve have identified three additional approaches to
generating laser output in the 0.5-0.6 um region. In Figure 1, we

shov all of the approaches considered to date. The first is an
OPO pumped with the frequency tripled output of the Nd:YAG laser.
Recently, an OPO based upon the crystal urea has been demon-

strated (1] to give high conversion efficiency (20 percent at
0.53 um) and be capable of tuning across the very wvide region
0.506-0.9 um. In addition, the crystal beta-barium borate, vwith
perhaps even more desirable physical properties, has been demon-
strated to have a similar tuning range (2].

The second sysBtem we chose to study was Ti:YALO, due to the good
overlap of the output fluorescence spectrum and the 0.5-0.6 um
region. This crystal has been previously grovn by wvorkers at MIT
Lincoln Laboratory [3]. A recent publication (4] claimed to have
provided the first demonstration of lasing hovever the claim is
disputed. After a mearch of the literature and discussions with
other vorkers in the field, ve find that a paucity of dats
existe. While the physical properties of Ti:YALO are not expected
to be significantly different from Nd:YALO, on which much
previous wvork has been reported, the spectroscopic properties are
at this time unknown. In particular, estimates of the stimulated
emission croas-sections cannot be undertaken since no polariza-
tion dependent data is available. In addition, no good apectro-
scopic data exists for this material. Thus, it is not possaible
to predict wvhether excited-state absorption wvill be a problen.
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For these reasons, we have dropped Ti:YALO from further consider-
ation in this study.

The third system is Ti:Sapphire. Here, the frequency doubled
output from a Nd:YAG laser is used to pump Ti:Sapphire that is
lased in the 1.0-1.2 um range and then doubled to 0.5-0.6 um. Ve
suspected that this system would not perform am vell as the
organic dye or OPO since tvo nonlinear conversions are required
and because the Ti:Sapphire must be operated in the wing of its
output profile vhere the stimulated emission cross-section and

the extraction efficiency vould be low. These suspicions have
been confirmed in this Phase I study. Also shown in Figure 1 is=s
the previously discussed organic dye laser concept.

A summary of our preliminary ev=luation of the efficiency perfor- .
mance of the various systems considered is shovn in Table 1
below. For the purposes of this comparison, ve have amsumed a
reasonable conversion efficiency value for second harmonic gener-
ation in the range of 45-55 percent vhile for third harmonic
generation we have assumed 60-70 percent. For the Ti:Sapphire
laser ve have assumed a conversion efficiency in the range of 15-
S0 percent based upon our previous experience that the extraction
efficiency in the wings o. the gain profile drops significantly.
15 percent corresponds to 1.2 um operation. For Ti:YALO we
assumed performance slightly degraded from Ti:Sapphire. Actual
performance could be far worse if excited state absorption is
found to be operative in thias crystal. For the OPO the theoreti-
cal efficiency can be very high ([11]. Here, ve assume that an
optimized OQPO can be operated at S50 percent of the theoretical
limit in the range 0.5-0.6 um (29-35 percent). For the dye laser
approach, ve estimated that oscillator/amplifier configurations
can convert 50 percent of the pump pulse to output near the peak
of the emission vavelength. For the purposes of +this initial
comparison, ve assumed conversion in the range of 30-55 percent
in the range of interest.

In Table 1, the expected overall efficiency in the 0.5-0.6 um
range is obtained by multiplying together the efficiency factors
for the various processes involved in each laser shovn in Figure
l. For a comparison, vhere the output required in that range is
assumed to be a minimum amount, the vorse case efficiency <for
that laser may be used to determine the required Nd:YAG pump. The
third column in Table i1 shows the Nd:YAG ocutput energy/pulse to
achieve a minimum output energy/pulse of 125 mJ at 0.6 um vhere
the efficiency is least. These preliminary resulte indicated that
the organic dye and OPO approach are the most promising for
efficiently generating tunable visible radiation. The Ti:Sapphire
system 1e clearly not acceptable due to the low extractior
efficiency at 1.2 um, the large quantum defect, and the need for
tvo nonlinear conversion processes. The Ti:YALO results are more
attractive than Ti:Sapphire, hovever, not enough data 1is
available to justify the assumed performsnce. It should be noted
that the best performance for the dye laser and OPO approaches is
similar to the fixed frequency approach of vibrational Raman
scattering in methane which has achieved a conversion efficiency




of 45-55 percent from the green pump pulse, and also listed in
Table 1. '

Table 1: Initial Systems Efficiency Comparison

Conversion Efficiency Range Rd:YAG
System (Nd:YAG Qutput - Svstem Qutput) Ep (J)
T4 :Sapphire 3 - 15% 0.83 - 4.17
Ti:YALO 6 - 28% 0.43 - 2.09
oPO 17 - 25% 0.50 - 0.73
Dye 14 - 30X 0.42 - 0.89
Raman (Vibrational) 20 - 30% 0.42 - 0.63

Following this initial systems comparison, previously discussed
in our Periodic Report #1, our attention vas focused on further
evaluating the dye laser and OPO concepts. In Section III of this
Final Report ve discuss each system considered during this Phase
I contract in detail. Here, ve discusas the specific reasons for
down-selecting ultimately to the tunable dye laser concept. In
Section IV we discuss the tunable dye laser approach in detail,
present the modeling results obtained, and show the favored
approach that offers high conversion efficliency while maintaining
vide tunability and good beam quality.

II. Executjive Summary of Phase I:

The wultimate goal of this Phase I feasibility study vaa +to
choose, from amongst a number of candidate laser sysastems, an
approach to producing a tunable visible laser that combinea the
attributes of good conversion efficiency from Nd:YAG output to
tunable laser output, tunability in the 0.5-0.6 micron region,
and good beam quality. Ae discussed in more detail belov, this
study has produced a number of recommendations, the most impor-
tant of vhich are:

(1) An improved organic dye laser incorporating an oscillator/
amplifier approach can provide optimum conversion effi-
cliency.

(2) A double-passed amplifier incorporating optical phase conju-
gation via Stimulated Brillouin Scattering cen reasult in
near-diffraction-limited beam quality. LTA has generated a
unique design (to be patented) for achieving this while
maintaining system compactness.

(3) At the average pover levele needed for present day US Army
applications (typically 30 vatts), the use of a phase-
conjugated double pass satraight-through amplifier is
preferred compared to a Zzig-zag or slab smplifier geometry
due to the simplicity of the approach &and experimentally
demonstrated aberration compensation.

(4) The OPO approach may offer the best long-term solution to




providing an all solid-state laser source operating in the
0.5-0.6 micron region and beyond.

In Sections III and IV vhich follow, ve discuass each of these
conclusions in detail.

I1I. Systems Evaluation:

In this A-ection of this Phase I Final Report, ve separately
discuss each of the different laser systems considered.

(a) T1i:YALO Laser

YALO 4is a clear crystal possessing the orthorhombic structure.
The crystal is biaxial. There are three distinct crystal axes
(a,b,c), each of vhich displays optical and physical properties
distinct <from the othera. The only known believable absorption
and fluorescence spectra for this material wvere published
recently, although it is not clear wvhich crystal axis the data
vas taken along [5]. The only other information concerning this
material wvas obtained from a Czechoslovakian journal [4]. Crude
absorption data is shown, and the lifetime wvas measured to be in
the range of 12-14 usec, or about four times that of
Ti:Sapphire. In order to fully characterize this promising
material, it 1is necessary to obtain absorption and fluorescence
data along the crystal axes. From such data and the fluorescence
lifetime of the material, it is straightforward to obtain the
stimulated-emission cross-section as a function of wavelength as
has been done recently for Ti:Sapphire (61].

In order to correctly predict and optimize the performance of
laser oscillators and oscillator/amplifier systems, 1t is neces-
sary to provide absorption and cross-section data as vell as the
passive loss expected. Attempts toc estimate the value of the
emission cross-sections based upon a comparison to Ti:Sapphire
vill not be fruitful because of the fact that Sapphire has a
rhombohedral structure (uniaxial) and thus, the local field will
be different. For this reason, it is not possible to say vwith
certainty that excited-state absorption will not be a problem in
Ti:YALO s8ince it ims not exhibited in Ti:Sapphire. Due to the
scarcity of data concerning thie material, ve eliminated it early
in this study. Discussions with one crystal manufacturer (8] have
led ua to conclude that Ti:YALO crystals suitable for spectro-
scopic investigation will be availaeble in about a year, and could
be the subject of a joint SBIR program.

(b) T4i:Sapphire Lasger

T1i:Sapphire, a material with an unusually wvide tuning range
(0.65-1.2 um), has undergone intensive development during the
past few years, Due to & short fluorescence lifetime, this
material is most efficiently pumped by use of a short Q-svitched
pulse of green (0,532 um) light obtained from a doubled Nd:YAG
laser. A plot of the emigsion cross-gectiona for this material is
shown in Figure 2. The peak emission croas-seciion is now agreed
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to be in the vicinity of 3.5%10"*'* cm®* (7] at the peak wvavelength
of 0.79 um feor the sigma polarization. The plots showvn in Figure
2 were obtained by scaling the published values of the peak
cross-gections (6] and using the Poisson distribution. Extensive
vork on the Ti:Sapphire system has shown that excited-state
absorption in this material is absent, demonstrating efficient
laaser action.

In order to create a visible tunable laser with Ti:Sapphire it is
necessary to operate the laser in the wing of the emission band
between 1.1 and 1.2 um. As showvn in Figure 2, the emission cross-
section in that region is reduced by a factor of 7-8 as compared
to the peak vavelength. This is problematical for two reasons.
First, the reduced cross-section vill lead to lover extraction
efficiencies as showvn belov. Second, due to parasitic oscilla-
tions and amplified spontaneous emission (ASE), the laser cannot
be pumped harder to create a larger inversion density since
limits to that density are determined by the peak gain, not the
gain in the 1.1-1.2 um region. An additional factor to consider
is that the large quantum defect between the pump and emission
vavelengths also leads to a lowver efficiency. The maximum theo-
retical extraction efficiency in the 1.1-1.2 um region can easily
be calculated ¢to be betwveen 48-44 percent respectively. By
contrast, green pumped lasers (0.532 um) operating in the 0.55-
0.6 um region have maximum theoretical quantum efficiencies in
the range of 97-89 percent, or about double that obtainable vith
Ti:Sapphire.

We have completed an analysis of a 0.532 um pumped Ti:Sapphire
lager by use of a quasi-cv analysis based upon a Rigrod formula-
tion. Thie approach has been used previously to model the perfor-
mance of Ti:Sapphire oscillatoras and found to be very accurate
[ai. While this approach will not provide any detaills concerning
the output pulsevidth or the syatem dynamics, it will allow us to
determine the sBize of the green pump or the Nd:YAG laser needed
to provide a given output energy/pulse in the 0.353-0.6 um region.
The overall extraction efficiency, Ne, 0f the Ti:Sapphire oscil-
lator can be written:

1 1 1-R VRN —al
- - === 2o - ) )
Mo [agz—nznm) g.,!.] [hn] [)\ ] (1-e «

vhere o is the pump absorption coefficient, X and X, the pump
and laser vavelengths, R the Ti:Sapphire output coupler reflec-
tivity, o the laser passive loss coefficient, 2 the crystal
length, and go2f the gain-length product given by:

3
Gol = o Ju [:’T] (1-e %) (2)

Here, oo is the specific gain coefficient and Ju the maximum safe
operating pump fluence incident upon the Ti:Sapphire crystal
vhich wve assume is8 end pumped. Note that in this model ve assume




that the absorbed pump energy 1s uniformly distributed along the
pumped crystal. For a safe operating fluence of 3.5 J/cm®* and
assuming that all the pump fluence is absorbed, the value of geol
obtained from (2) is about 3.

From (1), wve can gee that tvo optimizations are involved in
maximizing the extraction efficiency. Firat, for every Ti doping
level, an optimum length exists. Choosing a longer length results
in too mwuch loss from the passive loss-length product wvhile a
shorter length would result in too little absorption. Further-
more, for each length chosen there exists an optimum value of the
outcoupler reflectivity R. This tysofold optimization can easily
be achieved by use of a computer. We have completed such optimi-
zations for Ti concentrations varying from 1-5x10*°* ions/cm®, and
for the vavelengths 0.8, 1.0, and 1.1 um. In Figures 3-5 we shovw
plots of the extraction efficiency for each of the three vave-
lengths and for a concentration of 5%i10!'* ionas/cm* as a function
of outcoupler reflectivity and crystal length.

It can be seen that the maximum extraction efficiencies at 0.8,
1.0, and 1.1 pum are 44, 29, and 21 percent, respectively. The
optimum reflectivity and crystal length may be more easily
vigualized using the accompanying contour plots shown in Figures
6-8. HNote that these maximum extraction efficiencies compare to
the theoretical extraction efficiencies of 67, 53, and 48
percent, respectively. We have found that optimized extraction
efficiencieg more closely approach the theoretical values when a
very large Ti concentration is assumed (10x10** ions/cm?) and the
loes at the lasing wavelength is very low (0.01 percent). An
example of this is shown in Figure 9 vhere, for 0.8 um, the
extraction efficiency is over 59 percent. It ia difficult to
obtain Ti:Sapphire crystals wvith Ti dopings over Sx10!'* ions/cm?
vith good optical quality. Hovever, as the technology improves ve
can expect that extraction efficiencies close to the theoretical
limit may be approached.

One can observe from Figures 3-8 that as ve operate <the laser
further out 4in the wing of the Ti emigsion band the extraction
efficiency drops significantly, as expected. The vorst case, of

course, ig at 1.2 um vhere only 1l percent of the pump energy is
converted to output energy. Suppoge that approximately 125 mJ of
output energy is required at the 0.6 um wavelength. If ve assume

a reagonable second harmonic conversion efficiency in the range
of 45-55 percent, then 227-278 mJ of Ti:Sapphire output |is
required. With 11 percent extraction efficiency, this means that
2.12-2.60 J/pulse of green 0..53 um output is required, or that
the fundamental Nd:YAG laser must provide an output of 3.9-5.8
J/pulse. This requirement is almost four times that needed for
alternative approaches such as the organic dye laser and the OPO.

Since thege optimizations of Ti:Sapphire have yielded such large
values for the required Nd:YAG pump energy/pulse (or equivalently
the transfer efficiency from Nd:YAG to Ti:Sapphire output is 8o
lov), this option was dropped from further investigation in this
study.
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(c) Optical Parametric Oscillator

The OPO has been videly recognized for some time to have the
potential for widely +tunable operation vith goad efficiency
{9]. Progress in this area has lagged until recently because of
the lack of suitable crystalline materials. This situation has
changed only in the past few years vith the inveatigation of new
OPO wmaterials, in particular, the crystal urea at Cornell (10,11)
and beta-barium borate in The Peoples Republic of China [2). In a
recent article (1] substantial progress vas reported in the
operation of a urea 0OPQ. The urea crystal was pumped by the third
harmonic of a Q-svitched Nd:YAG laser. Tunable output was
achieved from 9.506-0.9 um, Urea may be phase-matched across the
vide spectral region 0.5-1.225 um. The region from 0.5-0.6 um is
of particular interest since the theoretical conversion effi-
ciency is very high (59-71 percent). In the work reported in (11,
a conversion efficiency of 20 percent was achieved at 0.53 pm in
an unoptimized arrangement. A potential problem with this
material has been the rather lov damage threshold (40 MW/cm®*). By
contrast, the never material beta-barium borate (BBO) has dis-
played a very large damage threshold (13.5 GW/cwm®*) (2]. BBO can
also be used for third harmonic generation, and can yield a
conversion efficiency of 60-70% for the pulse parameters consid-
ered here. Due to the much lover damage threshold of KD*P, our
simulations shov a disappointingly lov conversion for the same
pulse parameters. In addition, the crystal BBO has an extraordi-
narily large tuning range (0.4-2.0 uwm) vhen pumped by a tripled
Nd:YAG laser and good transmission from 0.2-2.6 um. The output
vavelength range can be increased further by frequency doubling
the OPO output down to 0.2 um.

Parametric oscillation is a nonlinear process in which the inci-
dent frequency w, ia converted to two coherent lowver frequency
beams vith frequencieas w, (gignal) and we, (idler), and so, 1is
the inverse process to sum frequency generation. Placing a non-
linear crystsl in a cavity will, at some threshold value, result
in oscillation at both frequencies. In practice, oscillating both
frequencies (doully resonant operation) leada to significant
amplitude stability problems (9], thus resonance at one frequency
is preferred. This 1ie achieved by use of high reflectivity
mirrors at one frequency and low reflectivity at the other. The
OPO output vavelength is normally tuned by changing the angle of
the crystal with respect to the optical axis. The ray internal
angle 1ie changed, resulting in a different wavelength being
optimally phase-matched.

The coupled equations describing parametric amplification are
vell known, and in fact are identical to those describing sum

frequency generation. Thus, one set of coupled equations can be
used to describe second and third harmonic generation and para-
metric amplification. The paraxial equation, wused to describe

beam propagation in free-gpace or in linear and nonlinear media,
is given by:
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Fs
2ik é = [Vi + ki(n®*-1) - ikax, + f(E)] E (3)

Here, the propagation of a field E in the +z direction 1is
described. The first term on the right hand side describea
diffraction, the second, phase distortion (for example from
thermal effects), the third, linear absorption, and the last can
account for nonlinear effects or two beam coupling as one has,
for example, in second or third harmonic generation or parametric
amplification. For the case of parametric amplification, (3)
becomeas (A; is the pump wvave):

dA,
2ik
dz

A, (4)

- -1&
2 [v: + kE(n*-1) - ika, + kgAse z]

for the "aignal®" wave A, to be amplified in the OPO and A. the
*idler" wave amplitude. Here, Ak is given by:

bk = ka - (K, +ke) (5
and g by:
Wy W, &
g =2 [ Lo ["—‘ - ] ] derr As (6)
€o Ny Ng '

It is significant that in an OPO, phase matching can be satiasfied
only in the direction of the pump wave. Thus, amplification takes
place only once in each round trip. For this reason, if an OPO is
to be used exclusively, 1t should be constructed in a ring oscil-
lator configuration, wvith the circulating vave traveling in the
pump vwvave propagation direction in the nonlinear crystal. This
arrangement assures that the winimum passive losses occur,
maximizing the OPO conversion efficiency.

Most OPO experiments reported to date have used a < requency
tripled Nd:Host lsser as a source. The difficulty with this 1is
that in the spectral region of interest, 0.5-0.6 wmicrons, the
maximum conversion (quentum) efficiency can only be 0.71-0.59,
respectively. To achieve an efficiency comparable to the organic
dye laser, the O0OPO must be pumped vith & frequency doubled
Nd:Host source. This may be achieved using the crystal KTP for
example. In (1213, phase matching curves for a frequency doubled
Nd:YLF laser are presented. Unfortunately, phase matching at
vavelengths much less than 0.6 microns is not possible using this
laser source. Similar phase matching curves for BBO sare reported
in (2] for the third harmonic of Nd:YAG, but not the second
harmonic.

Cur assessment of the QPO concept is that it may offer the best
performance in the long_term, but that the present state-of-the-
art ie not sufficient to compete with the organic dye laser. The
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never high efficiency crystals have not reached a mature state. A
sufficient quantity of large crystals vith good optical quality
isa not currently available. Another difficulty with the 4JPO
concept is that if a strictly oscillator approach is used, it
vill not be as efficient as the dye laser concept discussed
belov. The efficiency of any oscillator is very sensitive to the
value of the intra-cavity losses, since usually a large number of
round trips are involved. This i1s precisely the reason vhy a dye
laser oscillator/amplifier configuration is more efficient than
an oscillator only. In the optimum configuration, only enough
pump energy is provided to the oscillator to provide enough
fluence to completely saturate the folloving sinqgle or double
passed amplifier. The oscillator does not need to be particularly
efficient. Experiments in vhich an OPO 1is folloved by an
amplifier (traveling vave) have not yet been reported. It ia
likely, hovever, that the most efficient syastem will involve
using both an OPO folloved by an optical parametric amplifier
(OPA). To implement this concept, larger nonlinear crystals than
nov exist are required.

Another important point is that if an all oscillator spproach is
uged for either the organic dye or OPO approaches, it is diffi-
cult to produce an output beam near the diffraction limit. VWhile
various techniques have been investigated for using OPC as an
integral part of an oscillator [13] in order to correct thermally
induced aberrations, s8such techniques are usua)ly only partially
successful and greatly complicate the device implementation. 1f,
hovever, only a small amount of the pump energy is deposited 1in
the oscillator, near diffraction-limited operation is achieved.
The remesining large amount of the pump is then used to drive a
folloving amplifier stage. If a double passmed extraction scheme
is used, it is then possible to almost completely remove any
thermal aberrations by using a phase-conjugation cell as the
*mirror®” for the double pass. This is the spproach we have taken
in the dye lamer design discussed in the next Section of this
Final Report. The same system architecture can be uased for an QPO
folloved by a double passed OPA. While amplification can take
place only on one of the amplifier traverses (phase matching and
amplification can take place only in the direction of the pump
beam), double passing the crystal vill remove thermally induced
aberrations.

To summarize, it is our opinion that the OPO/0OPA concept will
eventually replace the organic dye laser because of its all
sBolid-state nature, vide tunability, and potential efficiency.
Much additional vork involving the grovth of 1large optical
quality crystals remains for this concept to become a reality. In
addition, experimental wvork is needed to validate the QPQO/0PA
concept.
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(d) Tunable Dye Lasger

(1) Tunable Dye Lasers: General

The tunable dye laser has undergone intensive development since
itas first demonstretion in 1966. Several commercial laser wanu-
facturers offer <frequency doubled or tripled Nd:YAG pumped dye
laser =systems that operate across the entire visible and near
ultraviolet regions. Early investigations of laser pumped dye
lasers vere concerned vith the generation of ultra-narrovband
radiation (<10-*nm) in various oscillator configurations pumped
with Ne lasers (14). Here, ve are most interested in frequency
doubled Nd:YAG laser pumped dye lasers. In order to maintain
high frequency doubling conversion efficiency, high peak pover Q-
svitched pulses must be used. Single-shot or lov repetition rate
conversion efficiencies slightly greater than 60 percent have
previously been demonstrated with high beam quality (e.g. phase-
conjugated) in the multi-tens of watts average pover regiwe,
vhile values 1in the range of 40-50X are typical of non-phase-
conjugated lasers. These numbers apply to Q-switched Nd:YAG
lasers producing typically 250 mJ/pulse of 1.06 um energy wvith =
pulsevidth (FWHM) of typically 5-10ns.

The dye laser is unique in that fluorescence lifetimes of typical
organic dyes are in the nanosecond regime. As an example we
mention that the lifetime of the well-knovn dye Rhodamine 6G is
only about 6 ns [14]. Since the lifetime is comparable to the
duration of the Q-swvitched pumping pulse, a laser oscillator will
have a finite number of round trips and a true mode atructure is
never established. In fact, a short pulse dye laser oscillator is
really a superfluorescence or ASE based device vhose brightness
is wusually less than that obtainable with a longer fluorescence
lifetime gain medium.

A schematic of the energy level diagram of a dye laser molecule
is w=mhown in Figure 10, and consistas of a single and a triplet
manifold. Excitation of the molecule is via the ground singlet
atate S, to the first singlet manifold S,. Relaxation from the
upper s#state manifold can occur via a radiationless transition to
the first triplet manifold T,, by fluorescence decay to the
ground state, or by stimulated emission to the ground state.
Because the transition S, =+ T, is forbidden, the process is
usually slovw. For Q-svitched lasers it may be entirely ignored,
although for CW lasers the process is important [14]. In Figure
11, ve show the absorption croses-section o., emisseion cross-
gection o, and triplet cross-section or as a function of wvave-
length for a 10-* M solutionm of Rhodamine 6G in water. E(XN) is
the fluoreacence inteneity, related to the emission cross-section
through the relationship (141]:

( As
o (ny = LED A (7)
8 mn® ct

Here, n i@ the index of refraction, n the quantum efficiency, and
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A the wvavelength. The absorption of pump radiation intensity I,
~wvith distance z is described by the relationship:

dl,
dz

= ~-Ng OCs I, : (8)

vhere n, ia the ground state population and o, the singlet
absorption cross-section. The laser intensity I. is amplified
according to the equatiocn:

dI.
dz

= (gghg - Oen.) I, (9)

ng and n. are the upper and lover level ion densities and o¢ the
emission cross-section. If » and A\  are the pump and laser
vavelengths, respectively, the time evolution of the upper laser
level population density can then be vritten:
dng = GaDig Is N - n__t_ - oene Io AL
dt hc < hc

(109

The first term on the right hand side of (10) represents the rate
of arrival of ions in the upper laser level, the second, fluores-
cence decay with time constant t, and the third, removal of ions
via stimulated emission. The last term arises due to the singlet
absorption of laser photons. Note that due to the short fluores-
cence decay time of dyes, it cannot be neglected in this analysis
as im often the case vith laser pumped lasers vith lifetimes of
aundreds of microseconds. An additional relstionship needed in
the analysis is the conservation of ions, giving:

Ne +* Ng = No (11)
vhere n, ia8 the total ion density.

Equations (7-11) repreeent those physical relationships needed to
accurately describe the operation of Q-swvitched pumped dye lasers
in which triplet state effects are minimal. The use of these
relationships in our o=scillator/amplifier simulation code 1is
described in Section IV of this Final Report.

(2) Thermal Effects in Dye Lasers

Another subject of interest in connection with dye lasere is the
obtainable beam quality. Liquid solutions are known [131 to
display very large changes in index of refraction with tempera-
ture. Furthermore, relaxation vithin a manifold via multi-phonon
transitions takes place on a picoamecond time scale. Because of
this, even short pulse Q-svitched dye lasers are subject to self-
induced thermal aberrations. Note that this limitation cannot be
removed by dye circulation since, during a pulse, the dye medium
is essentially "frozen" in place. The deposition of heat in the
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pumped dye laser volume follovs the radial distribution of pump
fluence vwvhich 1is often complicated. Even in the ideal case in
vhich the pump pulse is a tranaverse Gauseian, the instantaneocus
heat profile vill be the same and thus uncorrectable with conven-
tional optical elements. While some correction may be possible in
an RNMS sense, it is clear that transverse temperature and, there-
fore, index of refraction gradients are formed and a degradation
in beam quality occurs.

We have completed an analysis of this effect. The following
equation for a Gaussian beam of 1/e radius ro estimates the
thermal distortion A% in terms of the incident fluence J, the
pump and laser vavelengths A\s and A, the density p, sapecific
heat c, and the quantity B8=dn/dT:

AB(N) = §F§ [ 1 - ;% ] [ S; ] o (¥/Te" (12)

A standard vay of evaluating beam quality for small aberrations
is the wuse of Strehl’s ratio S [16] vhich represents the peak
intensity of an aberrated beam in the far field divided by the
peak intensity of a diffraction limited beam at the same loca-
tion. S is formally given by:

3
S =1 - [ %5 ] (a8)® (13)

vhere (A#%)* is the "mean square deformation®" of the wave front.
We have evaluated S for the case of an end pumped dye laser and
obtain the followving expression:

3
s =1 - [ Kro ] (1 - 2(re/al®) (14)
2a

a 1ie the Gaussian radius at vhich the intensity has reached 10-2
of its peak intensity and K is a constant. In Figure 12, wve shovw
an evaluation of the Strehl ratio as a function of the incident
green pump fluence in the range of 0-4 J/cm* for a wmethanol
solvent. The Strehl ratio may also be related to another measure
of beam quality, the number of times diffraction-limited N [14],
through the relationship:

N = S-1/= (135)

N has also been plotted in Figure 12. It can be seen that as the
input pump fluence increases, ~ the Strehl ratio decreases wvhile N
increases.

This decrease of beam quality as the pump fluence increases is a
single shot effect. Average pover effects can generally be
overcome by circuleting or flowving the solution. For 1laser
systeme involved in tactical or scientific applications, the
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repetition rates involved allow the replacement of the dye volume
at least once betveen shots. Thus, average pover effects are
minimal.

(3) Dye Laser System Architectures

There are a number of considerations to take into account vwvhen
deciding upon the appropriate system architecture to choose for a
given laser application. These considerations are nov discussed
and include assessing parasitics and ASE, beam quality, and
system conversion efficiency.

It has been found that due to the combined effects of ASE and
paragitic oscillations in dye lasers, more efficient systems
result 1if an oscillator/amplifier system is employed wvhere the
amplifier is either single or double passed. This fact is the
result of the difficulty of suppressing ASE and parasitics in an
oscillator only configuration and that ASE and parasitics are
effectively suppressed in a loaded amplifier. In a loaded
amplifier, an incident oscillator beam is used to extract energy
from the amplifier as pumping occurs, and parasitice and ASE do
not reach threshold. This fact is used in commercial dye laser
systems wvhere oscillator/amplifier systems are used to increase
system efficiency. '

Another aspect of choosing the correct aystem architecture
involves considering the losses inherent in oscillator only
systems. In any oscillator, the round trip losses are important
becauge multiple round trips occur. This is even true for dye
lamer oscillators vhere typically many tens of round ¢tripe are
involved. In fact, while logses are minimized in most oscillator
designae, with the dye laser, that is particularly difficult to
achieve since it is necessary to introduce wavelength dispersive
elements into the cavity in order to obtain a reasonably narrov
bandvidth. The round trip loes, in such configurations involving
the uge of diffraction gratings or birefringent tuners, can be
large, and typically ranges <from 10-30X depending upon the
specific technique used. Thus, in dye lamer oscillators, the
extraction efficiency is typically lov unless broadband cutput is
degired. In order to surmount this problem, it is necessary to
consider dye laser oscillator/amplifier configurations (this is
often referred to as a MOPA or master oscilleator/pover amplifier
configuration). The efficiency of a MOPA system is alvays larger
than that of an oscillator only, due to the fact that most of the
pump energy is used in the amplifier stage that has at most ¢tvo
amplifying passes, vhile only a minimum amount of energy iae used
to drive the inefficient dye laser oscillator.

In order to maximize system beam quality, the MOPA configuration

is also preferred. Again, in oscillator only dye lasers, all of
the pump energy is deposited in the oscillator. Becauge multiple
pessea (typically many tens) of the aberrated medium occur, the

beam quality from an oscillator only will be wvorse than that
obtained with an oscillator/amplifier configuration. In addition,
the oecillator only configuration does not lend iteelf to the use
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of nonlinear optical phase conjugation (OPC) techniques, wvhich
can be used to correct aberrations which occur during the pump/
laser output pulse. While some small phase aberrationa result
from the oscillator, the effect is minimized by minimizing the
amount of green pump energy. Only enough is used to produce the
approximately few mJ required to completely saturate the follow-
ing double passed amplifier.

In order to overcome the thermal effects of degrading beam
quality in dye lasers, tvo separate techniques may be considered,
as shovn in Figure 13. The firat (a) involves the use of a zig-
zag or slab dye laser amplifier. Such amplifiers have been demon-
strated previously (17] and may be used to eliminate first order
thermal focusing effects [(18]. In order to practically implement
this device, careful attention must be paid to schieving a good
index match between the liquid and the materials used for the
total-internal-reflection (TIR) faces, in order to minimize
passive losses due to the many reflections. Another problem to be
addressed is the flexing of the windows due to the dye cell
internal pressure and changes in the operating pressure due to
dye pump fluctuations. Birefringence effects do not occur in
isotropic 1liquids, hence polarization 1lossea due to bulk
birefringence effects are absent in this configurstion.

The aecond technique is to use the phenomena of Stimulated Bril-
louin Scattering (SBS) to double pasas a dye laser amplifier. In
this wmethod the beam is focused after the first pass of the
amplifier into an SBS cell that containas a liquid or a gas. SBS
produces a backwvard traveling wave that is the phase-conjugate of
the incident wvave vhich removes the thermal aberrations of the
amplifier media. The degree and fidelity of the compensation have
been discussed recently (19). It was showvn unambiguously that the
SBS reflectivity and fidelity depend only upon the the focal spot
intensity. As the magnitude of the aberration is increased, the
reflectivity and fidelity both decreased monotonically as the
focal sapot s8ize increased (inteneity decreased). While these
reasults wvere obtained at a wavelength of 355nm (tripled Nd:YAG)
and using the medium hexane, gimilar results may be expected for
methanol and ethanol, but with a somevhat larger reflectivity
(75-85%). For the ocscillator/amplifier dye laser considered here,
sufficient energy/pulse is available after amplificetion by the
firet amplifier pass to achieve a focal spot intensity in an SBS
medium meny times above threshold. As shown previously in this
Final Report, for incident green pump fluencee of less than about
2.5 J/cm®* which must be maintained to avoid optical damage to the
dye laser dielectric coatings, a beam quality of lees than three
times diffraction-limited (see Figure 12) will be obtained after
the firat amplifier pass. This fairly mild range of aberrations
vill be corrected vith good fidelity using the scheme shown 4in
Figure 13(b). Note that since the beam brightnees is 1inversely
proportional to N, the number of times diffraction-limited, by
eliminating most amplifier aberrations the beam brightness i8
improved by almost an order of magnitude.
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LTA has devised a patentable phase-conjugated dye laser amplifier
architecture that eliminates the need for a separate SBS cell by
utilizing the gecmetry shovn in Figure 14. The configuration is a
MOPA, consieting of an oscillator followved by a double-passed
amplifier, both pumped by doubled Nd:YAG. OPC is produced by
using the dichroic mirror (DM) following the firet amplifier pass
to focus the beam into the floving dye cell containing a dye/
solvent wmixture. The solvent is most often methanol, wvhich has
been shown to provide an excellent phase-conjugate reflectivity
at S32nwm [(13]). The dye laser cell and SBS cell are one, therefore
reducing the device space and volume requirements.

Due to the inherent simplicity of the dye laser MOPA asystem shown
in Figure 14, ve have chosen this approach over the dye slab
laser approach shown in Figure 13(a). The dye slab laser requires
precisely flat TIR surfaces, and complete insensitivity to
ambient or fluctuating preassure wvithin the dye cell. In addition,
unless the dye solution and TIR plates are closely index matched
the losses can become gevere due to the multiple bounces. The
phase-conjugated system shown in Figure 14 is clearly the simpler
of the tvcoc approaches, vill be less costly to manufacture, and
vill have less environmental esensitivity than the dye sliab laser.
It i8 our intent to demonstrate the system shown in Figure 14 in
a Phase II contract.

IV. Tunable Dye lLaser Modeling:

We have completed detailed modeling of the 532nm pumped organic
dye MOPA system, including the second harmonic generation process
(SHG). We begin by summarizing our SHG modeling results.

(a) Second Harmonic Generation:

The equations describing SHG are given by:

dE, i V‘ ik, Y 2 g E: - -i1bkz
<=L .~ e [E—]-l]E-——-iKSE
dz 2k, s by 2 e 1 2 1y be e
(16)
dE. i vp ik. 2 2 1 E. lK. s 1iAkz
= . 2He -1]5 - - E
dz ke 1Ee 2 [[:..] . 2 z ¢

Here, E, and E., are the first and second harmonic fields respect-
ively, * denotes the complex conjugate, and K, is defined =as=s:

L 3
d .
K, = SMwiderr (17)
k. c*

The quantity dees in Equation 17 is the second-order nonlinear
coefficient. For KD*P, a commonly used SHG crystal available in
large pieces wvith good optical quality, it has been found (201
that K, =1.4%10-¢ /v, and Ke=2K,. + In Equation 16, the first term
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on the right hand side represents beam diffraction, the second
radial (or x-y) phase distortion that arises from crystal heating
or nonlinear effects, the third, linear background absorption,
and the fourth, the nonlinear coupling betveen the <first and
gsecond harmonic wvaves. Ak is the phase mismatch betwveen the
second harmonic and fundamental wvaves, given by:

Ak = Ke - 2k, (18)

vhere k; and ke are the fundemental and second-harmonic vave-
vectora, respectively. The LTA beam propagation code, discussed
previously 4in this Final Report, is capable of diffractively
propagating the fundamental and resulting second-harmonic beams
through a nonlinear crystal, including the :.fects of diffrac-
tion, linear absorption, and phase distortion. The phase mismatch
at any position on the vavefront is determined b» calculating the
normal to the wvavefront in comparison to the optimum phase-
matching direction. Our implementation of this propagation code
is finite-difference in form. The wavefront is "marched®"™ along
the z-axis in a sequential vay. For the purposes of this Phase I
feagibility study wve have assumed perfect phase-matching (&k=0),
and that crystal heating effects due to fundamental absorption
are minimal. ¥We have further assumed that the incident fundamen-
tal beam is Gauassian both temporally and spatially, and with a
pulsevidth (FWHM) of Snes, and a beam waigst radially of 0.244 cm.
The fundamental pulse energy vas 250 mJ, and the beam vaist
chosen to be at the typical KD*P damage limit (peak intensity) of
250 MW/cme.

In Figure 15 ve shov the energy conversion efficiency <from the
(1064nm) fundamental to (532nm) green output energy, plotted as a
function of crystal length, ifor the Type 1II doubling implementa-
tion s8shovn in Figure 16. For maximum conversion the incident
polarization vector is at 45° to the crystal e- and o-axes,
resulting in an equal number of _.hotons. Note that as the crystal
length 18 increased, conversinr efficiency does also, but not
linearly. For a zero absorption coefficient at 1064nM and 532nm,
near unity conversion vould result if propagation wvas allowved to
continue. Inclusion of typical background lossesa of 0.05/cm at
1064nm, and 0.005/cm at 532nm results in a less than unity
asymptotic value. For the allowvable damage intensity of 250
MW/cm*®, it i8 clear from Figure 15 that crystals of sbout 2.8 cm
thickness are needed to reach a 50% conversgion efficiency, and
about 4.2 cm to reach 60X convereion. Crystals of this thickness
are routinely available from a number of commercial sources.

If the assumed perfect phase-matching condition is broken, for
example, by induced transverse temperature gradients leading to
local index of refraction changes, it is clear that the typees of
conversion efficiencies shown in Figure 15 vill be degraded. In
fact, if phase-matching is broken, reconversion of some of the
green light back into red light occure, in agreement with earlier
published wvork (211]. Minimizing crystal thermal gradients and
phase aberrations on the fundamental oeam are important to ensure
that good convergion reaultas. It should be mentioned that esignif-
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icantly larger conversion efficiencies would result if larger
damage thresholds wvere alloved and if the crystal nonlinearity is
larger. Both of these conditions are satisfied by using the
relatively newv nonlinear crystal BBO (2], wvhich has a reported
damage threshold of 13.5 GW/cm®* for a ins duration pulsevidth,
and a nonlinear coefficient nearly ten times larger than that of
KD*P. As larger crystals of this material become available (in cm
sizes), conversion efficiencies in the range of 70-807%Z will
become posassible.

For the Gaussian fundamental beam described in connection with
Figure 15, we have also obtained transverse profiles of the
incident and exit 1064nm beam (showvn in Figure 17 with both
normalized to 1), and the exiting green profile shown in Figure
18. Both Figures are for a beam in KD°"P after propagating through

a 3.5 cm crystal. It can be seen by comparing these two Figures
that a large part of the incident Gaumsian, corresponding to the
most intense portions, has been converted to 532nm light. This

type of behavior is also seen temporally. As indicated by these
results, the most efficient conversion is ohtained for temporally
and gspatially flat-top pulses. While spatial flat-tops can be
obtained in certain situations, the production of temporal flat-
tops is not easily achieved.

For the purposes of thias Phase 1 feasibility study, ve assume
from these results that a SHG efficiency in the range of 45-55%
can be achieved in reasonably sized crystals, even 1in the
presence of beam aberrations and somewvhat non-perfect phase-
matching. Undoubtedly, using a well-designed fundamental laser,
vith perhaps OPC or by using a crystal such as BBO, larger values
can be achieved.

{b) Dye Laser Oscillator Modeling:

Ve have completed a rather detailed computer code that models the
performance of leser oscillators. The code can be used to study
and optimize the performance of any laser oscillator, and incor-
porates a number of important effects, including:

(1) Oscillator buildup from spontanecus emission noisge.
(2) Diffraction.

(3) Laser rate equations, including stimulated emiasion,
passive loassesg, induced losses, energy transfer, etc.

(4) Longitudinal laser pumping.
(5) Standard or ring laser configurations.

The code 1is based upon the paraxial equation (3) discussed
previously 1in thie Final Report. Implementation is asccomplished
by a forvard marching finite difference technique. Diffrection,
phase distortion, and nonlinear effects are easily incorporated.
The code propagates beams in the +z and -z direction simultane-
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ously. In order to model the dye laser oscillators of interesat
here, we have included the dye laser rate equations discussed
previously (10 and 11). The pump beam, vith vavelength 532nm, is
diffractively propagated into the oscillator from either the +z
or -z direction through a dichroic mirror forming one end of the
oscillator cavity. The dichroic 1is assumed to be totally
reflecting for the dye laser wvavelengths of interest. The output
coupler forme the other end of the cavity. Aas each of the tvo
cavity circulating vaves is incident upon the outcoupler the
appropriate amount of intensity is alloved to leave the cavity.
For the simulations described here, radial symmetry vas assumed.
Simulations were thus 2-D (r,t).

It should be mentioned that because of the typically large gains
associated vith dye lasers, ASE is a vell known dye laser loss
mechaniam. While LTA has broad experience simulating ASE effects
in various laser devices, at present ve are limited by computer
speed and cannot include the effect in our analysis. Neverthe-
less, the results ve present here are, as ve vill see below,
correct at least qualitatively. In fact, all the knovn features
of laser pumped dye lamsere have been reproduced here. Neglecting
ASE 1in our dye laser oscillator analysis is not important at
present because only a fraction of the green pump is used to pump
the oscillator. Most of the green energy is supplied to the dye
amplifier vhere the effectas of ASE are more vell controlled. The
amount of error caused by ignoring ASE cannot really be assessed
vithout an experimental data base wvhich is not available at pre-
sent. This data base will be generated during a Phase II program.

For the purposes of thie Phase I program, wvwe have chosen to
concentrate only on the dye Rhodamine 6G. Spectral properties of
this dye have been showvn previously in Figure 11. This dye lases
in the mpectral region of intereat here and is by far the most
vell characterized dye at present. This is not restrictive since
other dyes can be easily sBimulated as vell using this code. The
dye concentration used in these simulations vas chosen =so that
99X of the green pump energy is absorbed after a single pass. Our
dye cell vas assumed to be 4 cm in length and had a concentration
of 6x10-¢ N, 20 mJ of green pump energy vas used to drive the
oscillator. The pump pulse had a FWHM of Sns, typical of
frequency doubled Nd:YAG lasers. The total cavity length vas 7
cm. A birefringent tuner wvas asasumed to be used for wavelength
tunability, with a transmimsion of 80%.

In Figures 19-22, ve shov the obtained oascillator output and the
asgsociated green pump pulse for output coupler reflectivities of
0.4, 0.5, 0.6, and 0.7, respectively. The vavelength vas taken at
the peak of the Rhodamine 6G stimulated emission croes-section
curve (370nm). A number of features of these curves should be
noted. The peak of the oscillator output curve is shifted from
that of the green pump pulee, typically by about 2ns. The reason
for thie i8 of course the finite cavity buildup time. Note that
because of this effect the green pump pulse used to drive the
folloving amplifier stage should slso be delayed by a similar
amount. Another feature of the dye cutput pulase is the rapidly
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rising leading edge folloved by a trailing edge. This and the
time delay discussed above have both been seen experimentally.
The sharp leading edge arises from the large amount of gain
existing in the oscillator at threshold. Careful study of Figures
19-22 shows that the noisy nature of the dye laser ocutput reveals
a periodic structure. In fact the output consistas of two sets of
shorter picosecond duration pulses, one with a large and the
other s amaller amplitude. Both sets of pulses are separated by
the oscillator round trip time (0.47ns) and arise from the tvo
circulating vaves inside the cavity. Our simulations have shown
that the amplitudes of both sets become equal 1if equal out-
coupling is alloved at each end and vanish altogether if a ring
laser configuration is used. These oacillations have been
observed experimentally and predicted theoretically (22].

In Figure 23 the extraction efficiency is shovn as a function of
the outcoupler reflectivity. It can be seen that slightly over
12% of the green pump is converted to 570nm output, and that the
optimum outcoupler is in the range of 50-60%. This corresponds to
an energy/pulse of 2.5 mJ. Theoretically, from a quantum defect
point of view, about 93% of the green pump energy can be
converted to 570nm output. The reason for the rather lov extrac-
tion efficiency is the insertion loss of the birefringent tuner.

Using our oscillator code, a number of other interesting and
important effects can be predicted. Figure 24 showse the time
evolution of the Rhodamine 6G upper level inversion density as a
function of time. One observes that the upper level inversion
increases to a rather large value before the oscillator circulat-
ing 4intensity builds up and significant extraction occurs. The
sharp drop in inversion density corresponds to the steep leading
edge of the oscillator output pulse (Figure 21). Some repumping
of the dye is evident in Figure 24. 1In Figures 25-28, vhich
corregpond to Figures 19-22, regpectively, ve have plotted the
on-axis round trip gain as a function of time. It is important to
note that the analytical round trip small-asignal gain is of the
order of 10* for this case. Due to the depletion of the gain by
the circulating vaves, hovever, the actual saturated gain never
approaches this value, but 18 maintained in the range of 30-36.
Note +that as the outcoupler reflectivity decreases the peak
saturated gain increases since the circulating intensity is
reduced.

In Figure 29, the oscillator output energy/pulse ias diaplayed as
a function of vavelength. The appropriate cross-sectione and
singlet absorption losses for Rhodamine 6G have been used at each
vavelength. The precipitous drop in energy/pulse at sghorter
vavelengths is caused by a rapidly rising singlet asbsorption loss
a8 vavelength decreases. The peak oscillator emission is located
at 590nm, shifted from the location of the peak wavelength at
570nm due to the singlet absorption loss. At longer vavelengths,
singlet absorption is minimal but the stimulated emiseion cross-
section monotonically decreases. The values for the energy/pulse
shovn in Figure 29 vere used as input to the amplifier
simulatione described in the next Section of this Final Report.
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During this Phase I study, the question has arisen as to exactly
how large the small-signal gain can be allowved to become before
the effecte of ASE and/or parasitic oscillations begin tao domi-
nate. In most lasers, it is prudent to allov a round trip gain of
about 100. Increases beyond this value usually lead to signifi-
cant energy loss due to parasitics that lase off secondary vwindov
or optics reflections or diffuse parasitics that can arise <from
surface scattering, even off optics or mounts that are external
to the oscillator. It is clear that to increase extraction effi-
cliency one wvould 1like to minimize the beam  radius and thus
maximize the extracting intensity. There is still room to further
decrease our beam radius used in these simulations <from the
present range of 5-7 mm to only a fewv mm. Optical damage is not a
consideration here since for 5 na duration pulses, over 2.5 J/cm*
of green fluence can be tolerated, corresponding to a beam radiue
of 1/2 mm. The maximum round trip gain that can be tolerated
wvithout unacceptable losses from ASE or parasitics will ultimate-
ly be determined by experiment in a Phase II SBIR program.

It 1is clear from the aforementioned oscillator results that all
of the observed essential features of dye laser oscillators have
been reproduced. In order for our code to be considered reliable
in optimizing oscillators, it must be normalized to actual
experimental results in the Phase II program. Other LTA codes,
such as our pump cavity optimization code, has undergone exten-
sive normalization with experiments, wvwith very close agreement
obtained.

(c) Dye Laser Amplifier Modeling:

In order to assess the potential overall efficiency of the dye
laser approach ve have also performed modeling of the double
passed dye laser amplifier shown in Figure 14. 1In Figure 30, vwve
shov the extraction efficiency as a function of the extracting
beam radius for a single and a double passed dye amplifier pumped
wvith the remaining green energy (105 mJ/pulse), at a wvavelength
of 570nm and an input energy/pulse of 1.5 mJ. We have assumed
here that the reflector or phase-conjugate wmirror has unity
reflectivity. It can be seen that the extraction efficiency |is=s
very good for either case, due to the large Rhodamine gain/cm,
and improves as the radius is decreased. In the double passed
case, the extraction for reasonably sized beams (<0.5 cm) is
greater than about 90%. Recall that the maximum extraction effi-
ciency at the operating wvavelength 1is 93%X. While ASE and beam
timing (the timing of the extracting pulse in relation +to the
pump pulse) will undoubtedly slightly decrease the actual extrac-
tion efficiency, it is evident that the double passed amplifier
should provide an excellent extraction and overall efficiency,
significantly higher than that obtainable wvith an oscillator
alone.

In Figure 31 wve shov the obtained extraction efficiency as a
function of wavelength for a fixed beam radius of 0.5 cm, and for
reflectivitiea of 1.0, 0.9, 0.8, and 0.7. The green pump pulse is
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again fixed et 105 mJ and the input varied according to Figure
29. ' It is significant that as the reflectivity decreases, the
extraction efficiency varies only slightly, again a consequence
of the high dye gain and highly saturated state of the amplifier.
Two important conclusions can be drawvn from Figure 31. First, as
the wavelength and output of the oscillator vary, the extraction
efficiency at any wvavelength is still very good, exceeding 80X in
all cases considered. Since with OPC the reflecting focusing
mirror can be metallic with very little variation of reflectivity
vith wavelength, and SBS is essentially wvavelength independent,
this situation should be obtainable in the laboratory. The second
conclusion is that with typical phase-conjugate reflectivity in
the range of 73-85%, very little change in performance is
expected if OPC is utilized to improve beam quality.

V. Conclusgions:

In this Phase I SBIR program, wve have assessed the current state-
of-the-art in tunable visible laser technology. As discussed
earlier in this Final Report, we have chosen the tunable dye
lager approach from amongst the various candidate systems as the
one with the most near term potential for improvement. Our base-
line approach, shovn previously in Figure 14, invoclves utilizing
an oscillator/double-passed amplifier system. Double passing of
the amplifier 418 accomplished by use of SBS in the dye cell.
Dynamic amplifier distortiones are eliminated using this tech-
nique. A further advantage of thisg approach is that the conver-
sion efficiency from 1064nm Nd:YAG output to dye laser output
(overall conversion efficiency) can be quite high, and as shown

in the previous section, nearly wvavelength independent. For the"

purposes of the initial systems comparison discussed earlier in
connection vith Table 1, we assumed a SHG efficiency in the range
of 45-55%, and a dye laser extraction efficiency in the range of
3-55% for a green (532nm) pump. After the more detailed modeling
of the dye laser approach and SHG deacribed in the aforemen-
tioned, we nov estimate the folloving efficiencies.

For SHG wve assume, based upon our modeling, that a practical SHG
efficiency 48 1in the range of 45-55% for KD*P wunder thermally
loaded conditions. For the never crystal BBO, practical efficien-
clea of 70-80% can be obtained due to the larger damage threshold
and higher nonlinear coefficient. For the dye laser, using Figure

31 &8nd the previous results on the dye laser oscillator, ve
estimate that the overall dye laser extraction efficiency wvwill
exceed 70% for any wavelength, using a double-passed phase-

conjugated configuration. The overall conversion efficiency from
1064nm output to dye laser output is then in the range of 32-39%
if KD*P is usBed, and in the range 49-56% for BBO. The previous
best estimate of 14-30X shown in Table 1 for dye lasers is thus
conservative.

The results obtained here should be contrasted wvith typical green
pumped dye laser oscillators that typically achieve a dye laser
extraction efficiency of 50%, and a SHG efficiency of 40-50%, or
an overall efficiency of 20-25%. Using the configuration shown in
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Figure 14, a substantial improvement in the beam quality and
overall conversion efficiency of viaible dye laser systems can be
obtained.

Vi. Summary of kecommended Phase II Program:

LTA intendas to submit a proposal for a Phase II SBIR program
shortly, based upon the innovative approach to a dye laser MOPA
system and the modeling we have completed during the Phase I
feasibility study. We have showvn the substantial improvements
that can be obtained by utilizing a dye laser MOPA approach and
OPC. Substantial increases in beam quality (brightness) and over-
all conversion efficiency can be obtained using our approach. The
unique OPC design that utilizes the dye cell as the phase conju-
gation medium can lead to an efficient <tunable visible laser
source that is also compact.

During our proposed -Phase Il program, ve will construct the dye
laser shown in Figure 14 and determine its salient operating
characteristics. An important part of the Phase II experimental
program will be to determine exactly hov important ASE effects
are in a practical device, and to include the ASE loss effect in
our more detsiled modeling of the dye laser system. Careful
normalization of our computer codes to the experimental data
vould also be achieved during Phase II, insuring that all of the
important physics effects have been addressed, and that wve can
rely upon the predictability and accuracy of our codes to further
optimize the dye laser design. 1In order for the device to be
useful to the U. S. Army, every effort wvill be made to arrive at
an experimental demonstration that is of a size and configuration
of interest. Thias will be achieved by consultation with <the
Technical Contract Monitor. .

VII. Matching Nev York State SBIR Program:

In New York State, the Nev York State Science and Technology
Foundation matches the amount of the Federal Phase I awvard. Nevw
York State SBIR programs are also six months in duration. This
funding 4is wmeant to provide program and personnel continuity
betveen the Federal Phase I and Phase Il programs. We intend to
take advantage of this funding and improve our analytical tools
for the Phase II program.
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